A 21-year (1998-2018) continuous monthly data set of the global distribution of light (photosynthetically available radiation; P AR) reaching the seabed is presented. It uses ocean colour and bathymetric data to estimate benthic irradiance, offering critical improvements on a previous data set (Gattuso et al., 2006) . The time series is 4 times longer (21 vs 5 years), the spatial resolution is better (pixel size of 4.6 vs 9.3 km at the equator) and the bathymetric resolution is also better (pixel size of 5
appropriate K P AR to estimate bottom P AR (P AR B ). This is particularly important in coastal regions where there is no unique relationship between K d,490 and K P AR due to large differences in the concentration and composition of non-algal coloured substances.
Since these first efforts, new products have become available which can improve estimates of the global distribution of 25 benthic irradiance. These include a much longer time series of ocean colour (21 vs 5 years) with an improved spatial resolution (4.6 vs 9.3 km at the equator). Bathymetric data have also considerably improved since 2006 (0.46 vs 3.7 km at the equator).
Here we make use of these new products to provide a global distribution of photosynthetically available radiation reaching the seafloor.
Methods
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The characteristics of the products used by Gattuso et al. (2006) and in the present study are compared in Table 1 . 2 https://doi.org/10.5194/essd-2020-33 
Remote sensing data
Monthly Level-3 data of P AR (mol photons m −2 d −1 ), K P AR (m −1 ), concentration of chlorophyll-a (C sat , mg m −3 ), and remote sensing reflectance at 555 nm (R rs (555), sr −1 ) from the four satellite-borne sensors SeaWiFS, Moderate Resolution Imaging Spectroradiometer (MODIS), MEdium Resolution Imaging Spectrometer (MERIS) and Visible Infrared Imaging Radiometer Suite (VIIRS) were obtained from the GlobColour project (http://www.globcolour.info). The resolution is 1/24 • . 5 Together, the 252 monthly images downloaded (a level-3 image contains values of a product on a regular longitude-latitude grid) cover the period 1998 to 2018.
Bathymetry and coastline
Depths were estimated from the 2019 General Bathymetric Chart of the Oceans (GEBCO; https://www.gebco.net) gridded bathymetry data (1/240 • resolution). The coastal zone (0 to 200 m) was determined using a land mask and coastline (Global 10 Self-consistent, Hierarchical, High-resolution Geography, GSHHG) as implemented in the Generic Mapping Tools (GMT; Wessel et al., 2013) . The full resolution was used. The Arctic, Antarctic, and non polar regions represent, respectively, 24.1, 0.6, and 75.3% of the surface area of the coastal zone.
Case 1 versus Case 2 waters
It is beyond the scope of this paper to review the criteria used to eliminate dubious data when generating a Level-3 ocean 15 colour composite, except for discriminating the water type as being either Case 1 or Case 2 (Morel and Prieur, 1977) . In Case 1 waters, where phytoplankton and associated degradation products are the main contributors to light attenuation (but see Claustre and Maritorena, 2003) , K P AR can be modelled as a function of the concentration of chlorophyll-a, itself derived from reflectance values. The situation is, however, not as straightforward in Case 2 coastal waters where light attenuation by coloured dissolved organic matter and suspended particles other than phytoplankton can be significant and not correlated to the 20 chlorophyll-a concentration. The discrimination between these two types is performed at the Level-2 in the processing, yet it is The accuracy of C sat in Case 1 waters is claimed to be ±30% whereas it is unknown in Case 2 waters. It is therefore not possible to estimate the accuracy of the chlorophyll product in coastal areas and, in turn, the accuracy of the diffuse attenuation 5 coefficient. The determination of the water type could not be performed with specific algorithms for each water type since no universal algorithm exists for Case 2 waters. It was was carried out a posteriori based on the average C sat and R rs (555). This determination provides an indication of bins that likely belong to the Case 2 water category when, on average, the individual pixels accumulated in the bins were predominantly of the Case 2 type.
The identification of turbid Case 2 waters has been performed as in Morel and Bélanger (2006) by comparing the water 10 reflectance at 555 nm (R(555)) to the maximum value it should have in Case 1 waters and for the same chlorophyll concentration (R lim (555)). Note that the water type was set to Case 1 for any pixel where C sat < 0.2 mg m −3 , because the algorithm is occasionally subject to falsely classify low-chlorophyll waters as Case 2 Morel and Bélanger (2006) . Turbid Case 2 waters are those for which R(555) > R lim (555). To perform this test, R rs (555) was converted to R(555) as follows (Morel and Gentili, 1996) :
where Q 0 (555) is the chlorophyll-dependent Q-factor (sr), i.e., the ratio of the upward irradiance to the upwelling radiance (Morel et al., 2002) , and R 0 is a term that merges all reflection and refraction effects at the air-sea interface (0.529). Since R rs (555) is fully normalized (Morel and Gentili, 1996) , its dependence on the viewing angle and the sun zenith angle are removed so that both Q and R are taken for a nadir view and a sun at zenith (hence the "0" subscript). 20
Benthic irradiance
The diffuse attenuation coefficient for the downward irradiance K d (λ 0 ) for a given wavelength λ 0 describes the exponential attenuation of irradiance with depth in the water column. It determines the amount of radiation reaching any given depth:
The spectral composition of the radiation is not considered in this work and only its integral value between 400 and 700 nm 25 is used (i.e., the photosynthetically available radiation, P AR). The attenuation coefficient for P AR is therefore:
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The average value K P AR of K P AR (z) over the euphotic zone, approximated as the depth where P AR is reduced to 1% of its value just beneath the sea surface, is computed from the corresponding chlorophyll concentration for Case 1 waters C sat and K d (490) using the following equations (Morel et al., 2007; ACRI-ST GlobColour Team, 2017) :
The bottom irradiance is then calculated:
for the Non-Polar region all months are taken into account, so we have 21 years × 12 months = 252 values by pixel at most for the Arctic region months 6-10 (June to October) are taken into account, so we have 21 years × 5 months = 105 values 10 by pixel at most for the Antarctic region months 1-3 and 11-12 (January to March and November-December) are taken into account, so we have 21 years × 5 months = 105 values by pixel at most in fine, we have 252 monthly P AR B images for the non polar region and 105 for the Arctic and Antarctic regions.
The product delivered comprises longitude, latitude, depth, area, P AR, K P AR , P AR B for each coastal pixel. P AR, K P AR 15 and P AR B are monthly climatologies or a climatology over the entire time series (see Section 4). The calculation of surface area receiving P AR B above a certain threshold does not use these climatologies.
Surface area receiving light above a certain threshold
Calculations of surface area receiving P AR B above a certain threshold are made in two steps. First a P-function is calculated with the available pixels; then the area is calculated as the product of the P-function by the surface of the coastal zone (0-200 20 m). let S a,I be the available surface, i.e. the total surface of pixels for which an irradiance value is available (varying every month);
The three main regions
let E a value of irradiance (expressed in mol photons m −2 d −1 );
10
let s I (E) the total surface of pixels collecting irradiance greater than E;
Definition of a climatologic P-function
Our purpose is now to define a P-function for a set of monthly values I = {I i , i = 1 . . . n}. Giving a value of irradiance E, it is defined as :
Climatologic monthly P-function
In this case, the 21 data sets available for a given month through the entire time-series (1998 to 2018) are selected to calculate the P-function according to equation 7. So we have :
-12 climatologic monthly P-functions for the Non-Polar region,
20
-5 climatologic monthly P-functions for the Arctic region,
-5 climatologic monthly P-functions for the Antarctic region.
Climatologic global P-function P g is obtained, using all data sets (252 for Non-Polar and 105 for Arctic and Antarctic) in equation 7. Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License.
P-functions for a subregion
Sub-region may be defined within one of the three main regions. In this case data sets are clipped according to the subregion's boundaries, and the months used are those of the main region. Calculation is identical to that described above for the climatological global P-function (section 2.5.2). The R package CoastalLight (see Section 4) can be used to calculate a P function for a subregion. 
Surface areas
Let P be the P-function of the zone and S geo its area : the area receiving irradiance above a threshold E is :
3 Results and discussion
The present study essentially confirms the bathymetric data reported in our earlier study (Gattuso et al., 2006) but shows 10 substantial differences on the optical data. 
Surface area and depth of sub-regions of the ocean
Availability of ocean colour data and seawater types
The availability of monthly ocean colour data is highly variable depending on the latitude and month of the year (Fig. 1 ). It is highest in non polar regions where, on average, data are available in 83% (range: 62-96%) of the pixels in monthly data sets. There is light for only 5 summer months of the year in the Arctic (June to October) and Antarctic (November to March).
During these periods, data availability is higher in mid-summer than in early-and late summer ( Fig. 1 ). Data availability also 5 decreases as one gets closer to the poles. On average, data are available for 51 and 35% of the summer data sets in the Arctic and Antarctic regions (ranges: 6-89% and 11-58%, respectively; 3). It is higher in the present study which used multiple sensors than in a previous study that only used SeaWiFS data (Gattuso et al., 2006) . Several factors contribute to the lower availability of data in polar regions: pixels are contaminated by sea ice and flagged accordingly, high occurrence of cloudy days and low incidence of the sun.
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The coverage of the Arctic has improved with about 20% more pixels with available data (Table 3) . Case 1 and Case 2
waters are approximately equally distributed in the Antarctic region (Table 2 ). In contrast, the distribution of Case 1 and Case 2 waters in the non polar region, with a clear dominance of Case 1 over Case 2 waters (70 vs 30%) in the present study whereas it was more even in Gattuso et al. (2006, 55 vs 45%) . This difference may be due to the different approaches used to differentiate Case 1 and Case 2 waters. The present study used the remote sensing reflectance at 555 nm (R rs (555)) provided by the GlobColour project whereas it was roughly estimated from the normalized water-leaving radiance in the previous study (Eq. 1 in Gattuso et al., 2006) . The quality of the results should therefore have improved. In any case, the usefulness of this distinction is relatively limited because the light penetration through the water column is calculated in the same way in the two cases. The distribution of water quality is however useful to estimate the reliability of the bottom irradiance which is much better in Case 1 waters than in Case 2 waters. The average depth of the missing pixels is similar to that of the available pixels 5 in the Arctic and Antarctic regions (Table 3 ). However, it is sometimes lower in the non polar region. The lowest values occur when the amount of available pixels is the largest (data not shown), suggesting that the missing pixels are preferentially located close to the coastline.
Bottom irradiance
The distribution of PAR B has changed in the present study compared to the previous one of Gattuso et al. (2006) , with less 10 irradiance values above 0.2 mol photons m −2 d −1 and more irradiance values around 0.1 mol photons m −2 d −1 in 2019 than in 2006 (Fig. 2) . Consequently, the surface area receiving irradiance above a certain threshold also declined (Fig. 3) . The surface area of the sea floor receiving an irradiance larger than a threshold value is lower than with the previous estimate of Gattuso et al. (2006) (Fig. 3 ). Differences are low below an irradiance threshold of 0.2 mol photons m −2 d −1 : 3 to 16% lower, respectively in the non polar and Arctic regions. However, differences are as high as 26 and 56%, respectively in the non polar and Arctic regions for irradiance thresholds ranging between 10 and 50 mol photons m −2 d −1 . Such differences can be due to several causes.
The present study and Gattuso et al. (2006) used different approaches. In the 2006 study, a p-function was derived for each month and then monthly means calculated, implicitly giving the same weight to each month, irrespective of the number of pixels with available data. In the present study, each month has a weight proportional to the surface area for which data are 20 available, hence providing better estimates. Second, there are more data available in the data set compiled in the present paper, 9 https://doi.org/10.5194/essd-2020-33
Open Access CoastalLight has been developed in the present study to provide more accurate estimates (Section 4) calculated from the underlying data, that is the number of pixels and their size. 5 These changes in approach together with the different data sets used for the optical and bathymetric data have led to significant changes in three factors that affect bottom P AR (Fig. 4 , Table 4 ). Two of them contribute to a decline of bottom P AR: (1) a change in the depth distribution leading to an increase in the median depth (39 vs 31 m) and (2) the distribution of K P AR moved towards larger values in 2019. Also, (3) surface P AR, which controls P AR B , tends to be higher in the present study than in the previous one. We do not have any independent confirmation of such an increase in surface P AR globally. explaining why bottom P AR is overall smaller in the present study than in the previous one (Gattuso et al., 2006) . Non polar Gattuso et al. (2006) 
Implications for the distribution of photosynthetic organisms and communities
The differences in P AR B between the 2006 study and the present one have implications on the potential surface areas receiving enough irradiance to sustain growth of photosynthetic organisms and communities ( Table 5 ). Surface areas are 4 to 47% lower in the present study depending on the region and organism or community considered. As shown in Fig. 3 , in the non polar region the highest the irradiance threshold, the largest the difference. Hence, the differences are generally reasonable (less than 15%) for organisms but higher (up to 47%) for communities which have higher light requirements to maintain positive rates of net primary production. Differences between the 2006 estimates and the present ones are generally larger in the Arctic than in the non polar region for organisms and fairly similar for communities.
Analysis of time series 5
Long-term changes in the optical characteristics have recently been described. For example, using SeaWiFS monthly global ocean transparency data over Sep. 1997 to Nov. 2010 , He et al. (2017 described a rapid decrease in global mean ocean transparency at a rate of -0.85 m yr −1 between 1997 and 1999, followed by a small increase with a rate of 0.04 m yr −1 over 2000-2010.
In the Arctic coastal zone, significant climate change effects have been observed over the last two decades including en-10 hanced melting of sea-ice during the summer period, permafrost thaw and increase of river discharge into the Arctic Ocean.
Time-series of ocean color satellite data have been successfully used to confirm these changes and quantify an increase of up to 40% in the concentrations of both dissolved and particulate terrestrial substances in Arctic coastal waters (Doxaran et al., 2015, Matusoka, pers. comm.) . In non polar regions, satellite observations did not reveal such significant temporal trend (e.g., Loisel et al., 2014) but often highlighted how human-induced activities impact on the discharge of big rivers and its consequences on 15 the turbidity of surrounding coastal waters (Feng et al., 2014, e.g., ) .
With a time series 21 years long, it is tempting to investigate whether long term changes in P AR B can be identified. Fig. 5 shows the percent surface area of the coastal zone of the non polar region receiving 2 mol photons m −2 d −1 or more. There is a highly significant trend with an increase in percent surface area of 0.1% ± 0.02 per year (± 99% confidence interval).
However, separate regression analyses show data shifts occur between the three time periods when the same ocean colour 20 sensors were in operation. The trends are therefore highly variable during specific time periods corresponding to various sets of ocean colour sensors. We conclude that no long-term trend in P AR B can be identified in this data set.
12 https://doi.org/10.5194/essd-2020-33 Non polar region; Irradiance ≥ 2mol photons m −2 d −1 Table 3 . Surface area and average depth of the various pixel classes. Calculations were performed on monthly data sets for the periods indicated. Values reported by Gattuso et al. (2006) are shown in parentheses for comparative purposes. Gattuso et al. (2006) did not report data for the Antarctic. Z Table 4 . Median values of the products used by Gattuso et al. (2006) and the present study. Gattuso et al. (2006) Gattuso et al. (2006) are shown in parentheses for comparative purposes. The irradiance thresholds are the first deciles of the minimum light requirements compiled by Gattuso et al. (2006) . Data are not reported in the Arctic region for seagrasses and Scleractinian (reef-building) corals where these groups are not present. Bottom: Communities. Surface area (% of the coastal zone) where benthic irradiance is higher that the daily community compensation irradiance (NPP>0). The irradiance thresholds are the first deciles of the minimum light requirements compiled by Gattuso et al. (2006 Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License.
Conclusions
This study builds on the first, and still only, global distribution of photosynthetically available radiations reaching the sea floor (Gattuso et al., 2006) . It improves the geographical and depth resolutions, and covers a much longer period of time. Despite these key improvements, several limitations inherent to the approach remain. While the spatial resolution is twice better than the previous products, 4.6 km at the equator it is still coarse for investigating the distribution and function of organisms 5 and communities which change at much finer scales. The parameterization used to convert reflectance data to irradiance is approximate in Case 2 waters. Finally, light absorption in the benthic nepheloid layer is not taken into consideration. The global distribution of P AR B we provide is derived with state-of-the-art data and computations and is arguably the best that can be offered at this time. Despite its shortcomings, it should considerably improve estimates of the geographical and depth distributions of photosynthetic organisms and ecosystems and help assess their contribution to global biogeochemical cycles. 
